Emerging evidence suggests that gut microbiota contribute to the treatment of post-inflammatory irritable bowel syndrome (PI-IBS). Our previous studies have demonstrated that a Chinese formula, Wuji Wan, has the ability to mitigate abdominal pain and diarrhea in PI-IBS rats. However, little is known about the underlying mechanism and whether the gut microbiota mediate the effect of Wuji Wan on PI-IBS. Thus, the aim of this study was to determine whether Wuji Wan mitigated PI-IBS by modifying the gut microbiota. PI-IBS was induced in Sprague-Dawley rats by enema using 4% acetic acid and restraint stress. Rats were fed water, Wuji Wan extract (630 mg/kg) or pinaverium bromide (13.5 mg/kg). Our data showed that Wuji Wan effectively ameliorated abdominal pain, colonic motility abnormality and visceral hypersensitivity. Analysis of the fecal microbiota showed that Wuji Wan could reverse the reduction in richness of the gut microbiota and significantly increase the relative abundances of Akkermansia, Bacteroides, and Parasutterella; however, Lactobacillus and Prevotella were markedly decreased in the PI-IBS rats. Moreover, Wuji Wan promoted goblet cell proliferation in the colonic mucosa by increasing the release of mucin, up-regulating the distribution of tight junction proteins Occludin and ZO-1 and down-regulating the expression of MLCK in colonic epithelial cells. These findings suggest that Wuji Wan may remit IBS by modulating the gut microbiota and stabilizing the gut mucosal barrier, indicating that the use of a classical formula of Traditional Chinese Medicine (TCM) that exhibits a prebiotic effect may be a promising strategy for PI-IBS treatment.
INTRODUCTION
Irritable bowel syndrome (IBS) comprises multiple functional bowel disorders, including recurrent abdominal pain associated with discomfort, diarrhea or constipation, and the prevalence of IBS is between 5 and 20% of the population worldwide and between 5 and 10% of Chinese adults (Rivkin, 2003) . IBS is a common complication of gastrointestinal disease without substantial organic lesions. Although the exact etiology of IBS remains poorly understood, evidence indicates that several factors may account for its pathogenesis, including inflammatory bowel diseases, mild infections, parasitic infections and stressful life events. Post-inflammatory IBS (PI-IBS) normally occurs immediately after bacterial dysentery that is associated with Campylobacter, Salmonella, Shigella, protozoa, nematode or viral infections (El-Salhy, 2012) . Even after the inflammation subsides, the infected intestinal segments exhibit altered motor functions and hypersensitivity. Most patients completely recover after acute infection, but effective pharmacotherapy for the exceptional ten percent of patients is lacking (Pasricha, 2007; Spiller and Garsed, 2009) . Currently, the only therapeutic regimen involves relieving symptoms, such as abdominal cramping, bloating, diarrhea and constipation. Recently, the ideas that IBS is a dysfunctional disorder of the brain-gut axis or that IBS is due to abnormalities in the immune system have been widely accepted (Stark et al., 2007) .
Because the pathogenesis of IBS is multifactorial, various types of stimuli have been employed to establish an IBS animal model. Chemical irritation of the colon is still a classical symptom-generating stimulus for establishing animal models of acute IBS. After acetic acid-induced inflammatory colitis subsides, the rats have visceral hypersensitivity and altered defecation patterns, which are the typical manifestations of IBS, in the absence of detectable disease (Dai et al., 2012) . Accumulative evidence indicates that the gut microbiota are crucial for regulating the intestinal function and inflammation observed in IBS (Carroll et al., 2010) . Intestinal bacterial overgrowth and gut dysbiosis are frequently observed in IBS patients (Posserud et al., 2007; Kim et al., 2012) . Numerous studies have demonstrated decreased populations of Lactobacillus and Bifidobacterium and an increased presence of Veillonella, Clostridium coccoides, Streptococci, and Coliforms in IBS patients (Malinen et al., 2005; Kassinen et al., 2007; Kang and Lee, 2014) . Thus, therapies aiming to normalize or regulate the unbalanced gut microbiota, such as dietary interventions (Chey, 2016) , probiotics (Han et al., 2016) and antibiotics (Acosta et al., 2016) , may have therapeutic potential for treatment of IBS.
Wuji Wan, comprising Rhizoma Coptidis, Fructus Evodiae Rutaecarpae, and Radix Paeoniae Alba, is a classical formula of Traditional Chinese Medicine (TCM) that has been employed in treating gastrointestinal disorders for hundreds of years. Currently, Wuji Wan is an OTC drug and has been recorded in the Chinese Pharmacopeia. Our previous studied showed that Wuji Wan could effectively ameliorate abdominal pain, colonic motility (CM) abnormality and visceral hypersensitivity in PI-IBS rats . However, evidence for how Wuji Wan mediates its effects on the gut microbiota is lacking for IBS treatment. Thus, the aim of this study was to elaborate on the alterations to the gut microbiota in the PI-IBS rat after Wuji Wan treatment and explore the possible mechanism.
RESULTS

Effects of Wuji Wan on Colonic Motility
Representative curves of colonic movement before enema, after enema and after administration of Wuji Wan in the Wuji Wan group are shown in Figure 1A . These rhythmic waves of the distal colon exhibited an acceleration, became disordered after the enema intervention and recovered to normal with Wuji Wan treatment. The results of the distal colonic motility index (MI) (Figure 1B) also confirmed the effect of Wuji Wan and of the positive control, pinaverium bromide (PB), on PI-IBS, whereby a reduction in the colonic MI to normal was observed. As shown in Figures 1C,D , after the enema, the time of the glass bead output was significantly shortened, and the number of fecal pellet outputs over 2 h was significantly increased. Table 1 shows the wet weights, water contents and Mucin 2 (MUC2) levels in the fecal pellets from each group of rats. No significant differences were observed between the weights of the fecal pellets between the groups. The model process caused the water content of the fecal pellets to significantly increase (P < 0.001) and the concentration of MUC2 to significantly decrease (P < 0.05). After administration of Wuji Wan and PB, these changes were reversed to baseline.
Impact of Wuji Wan on Weight, Water Content and Mucin in Fecal Pellets
Overall Structural Modulation of the Gut Microbiota after Wuji Wan Treatment
First, we used a bar-coded Illumina sequencing platform to analyze the structural changes in the gut microbiota for the control, model and Wuji Wan treatment groups. In total, 647 844 raw and 480 874 high-quality sequences were obtained from 21 samples with an average of 22 899 ± 5 326 reads per sample. The most abundant phyla included Firmicutes and Bacteroidetes. As revealed by taxon-based analysis, the abundances of the phyla Bacteroidetes (P < 0.05, FDR = 0.020), Proteobacteria (P < 0.05, FDR = 0.005) and Verrucomicrobia (P < 0.05, FDR = 0.007) were significantly higher in the Wuji Wan group than in the model group ( Supplementary Table S1 ). The rarefaction and Shannon diversity curves revealed that most of the diversity had already been captured, although new rare phylotypes could be expected with additional sequencing (Supplementary Figure S1 ). Wuji Wan was associated with a significant decrease in the bacterial diversity of the gut microbiota in the rarefaction curve (P < 0.001 and P < 0.001 compared to the control and model groups) and Shannon analysis (P < 0.05 and P < 0.05 compared to the control and model groups) (Supplementary Figure S1) .
A principal component analysis (PCA) revealed that the gut microbiota structure changed significantly in response to Wuji Wan administration. Wuji Wan-related differences were mainly observed along the first principal component (PC1), which accounted for the largest proportion (38.09%) of total variation (Figure 2A) . Similar patterns were observed in the unweighted/weighted UniFrac principal coordinates analysis (PCoA) (Figures 2B,C) , and host-gut microbe networks (Supplementary Figure S2) , especially in the partial least squaresdiscriminate analysis (PLS-DA; Figure 2D ).
Key Phylotypes Responding to Wuji Wan Treatment
To identify key phylotypes of the gut microbiota that responded to the modeling process and Wuji Wan treatment, a redundancy analysis (RDA) was used to analyze the sequencing data. The major differences in the gut microbiota structure corresponded to the Wuji Wan treatment along the first ordination axis, which explained 34.2% of the total variability (Figure 3) . Both the IBS model process and Wuji Wan administration led to significant changes in the gut microbiota structure, as validated by the Monte Carlo permutation procedure (MCPP) (P = 0.002).
A total of 116 operational taxonomic units (OTUs) were identified that were associated with the model construction process and Wuji Wan treatment according to the RDA (Figure 4) . For the treatment, 19 OTUs that were enriched by Wuji Wan included OTUs belonging to Bacteroides (n = 2), Phascolarctobacterium (n = 1), Holdemania (n = 1), Anaerotruncus (n = 1), Anaerostipes (n = 1), Parasutterella (n = 1), Akkermansia (n = 1), unclassified Erysipelotrichaceae (n = 2), unclassified Lachnospiraceae (n = 2), and unclassified Ruminococcaceae (n = 6). Most of these enriched OTUs showed significant negative correlations with the MI and water content of the feces, and 5 OTUs correlated with MUC2 positively. Another 97 OTUs were eliminated or decreased by Wuji Wan; several of these OTUs belonged to Lactobacillus (n = 4) and Prevotella (n = 6), which were markedly decreased. Additionally, a taxon-based analysis at the genus level showed that the relative abundances of Akkermansia (P = 0.002, FDR = 0.025) and Bacteroides (P < 0.001, FDR = 0.006) were significantly higher after Wuji Wan treatment, whereas the abundances of Lactobacillus (P < 0.001, FDR = 0.003) and Prevotella (P = 0.033, FDR = 0.158) were significantly decreased ( Table 2 and Supplementary Figure S3 ). Notably, the abundance of Akkermansia was increased 11.2-and 234.1-fold more than the control and model groups after Wuji Wan treatment. The taxon-based results were also confirmed by the LEfSe analysis (Supplementary Figure S4 ).
Influence of Wuji Wan Administration on Goblet Cells in the Colon
Haematoxylin and eosin (H&E) staining of the lamina propria and submucosa was observed by microscopy. The intestinal epithelium structure and glandular arrangement were clear and showed integrity. No remarkable inflammatory features were observed in the colons of the normal or IBS rats by 40× light microscopy. Figure 5 shows the distribution of the goblet cells between the columnar epithelial cells of the duodenum in the colon. Goblet cells are unicellular glands that secrete mucus, which acts as a lubricant in the colonic lumen. Goblet cells stain easily with the Periodic Acid-Schiff (PAS) stain, which colors the cells magenta during preparation of the microscopy samples. As shown in Figure 5E , the quantity of the goblet cells in the IBS model group was remarkably decreased, and Wuji Wan reversed this change.
Effects of Wuji Wan on Tight Junctions
Immunofluorescence localization by confocal microscopy showed that ZO-1, Occludin and MLCK localized to the edges of the intestinal epithelial cells with honeycomb or linear shapes (Figure 6) . Compared with the control group, the PI-IBS rats showed significantly decreased abundance of ZO-1 and Occludin and markedly increased abundance of MLCK. However, after treatment with Wuji Wan, the downregulated abundance of ZO-1 and Occludin increased significantly. The abundance of MLCK decreased to the normal level.
DISCUSSION
Irritable bowel syndrome is a prevalent functional gastrointestinal disorder that is characterized by abdominal pain and a change in the consistency of the stool. Increasing evidence has suggested that inflammation plays a role in the pathogenesis of IBS. In this study, after the inflammation subsided, the IBS rats suffered colitis CM functional disorder and diarrhea, making this animal model appropriate for studying IBS.
Although the etiology of IBS remains unclear, accumulative evidence has recently demonstrated the pivotal role of the gut microbiota in the pathogenesis of IBS. Biodiversity and temporal stability are diminished in the fecal and mucosal microbiota of IBS patients (Codling et al., 2010; Rinttilä et al., 2010; Jalankatuovinen et al., 2014) . The phyla of Bacteroidetes (Rajilić-Stojanović et al., 2011) and Verrucomicrobia (Rigsbee et al., 2012) and the genera of Bifidobacterium (Kerckhoffs et al., 2009 ) are markedly decreased in IBS patients. Our results in IBS rats are in good agreement with those showed above in clinical. The level of Bacteroidetes decreased from 33.98 ± 15.78% to 18.43 ± 10.08%, and Verrucomicrobia decreased from 1.43 ± 2.3% to 0.08 ± 0.12% in the IBS rats in our current study. In addition, we also found that several genera, such as Adlercreutzia, Allobaculum, Corynebacterium, Lactobacillus, and Parasporobacterium, were in full bloom in the IBS rats. This disturbed intestinal ecology spurred the emergence of symptoms in the IBS rats.
A previous strategy for regulating human intestinal flora involved taking probiotic strains, such as Bifidobacterium and Lactobacillus, as a dietary supplement to adjust the abundances and biological structure of the host intestinal microflora. Evidence suggests that probiotics contribute to the relief of overall symptoms in IBS patients, especially for diarrhea-predominant IBS, reduction in bloating/distension and improvement of bowel movement frequency/consistency (Hungin et al., 2013) . However, utilization of probiotic therapy is restricted due to a lack of knowledge regarding the effective dosage and the limited action times of probiotic strains. Because the composition of the microbiota is regulated by ingesta, prebiotics (dietary substances such as indigestible fructo-oligosaccharides and galacto-oligosaccharides) and synbiotics (products containing a synergistic combination of prebiotics and probiotics) are used to selectively promote the growth of beneficial bacteria in the gut. Due to the indigestible characteristic of prebiotics, their benefit is dose-dependent. High levels of prebiotics were revealed to counteract problems such as bloating and flatulence (Olesen and Gudmand-Høyer, 2000) . Until now, no randomized controlled trials have been conducted to explore the therapeutic effect of TCM on IBS. In the present study, Wuji Wan exerted a significant effect on regulating intestinal bacteria. Wuji Wan reversed dysbiosis in the microbiota communities of the IBS rats. The TCM formula comprises several herbal ingredients.
The influence of a formula on the gut microbiota is the result of the comprehensive balance of each herb in the prescription. The structure of gut microbiota is modulated by different ingesta, among which TCM is the equivalent of fertilizer to affect some favorable specie in gut lumen. As shown in our study, the influences of Wuji Wan formula on intestinal flora were different from Rhizoma Coptidis and berberine , the major herb and most abundant chemical component in this formula. Our study suggests that gut microbiota might be involved in the effect of TCM formula. TCM The results are expressed as the mean ± SEM of 7 animals per group. Statistical comparisons were performed using one-way ANOVA and Tukey's post hoc range test for multiple comparisons at a significance level of P < 0.05.
formulas have the potential to redress the dysbiosis associated with the disease. The more abundant phyla, namely, Firmicutes, Bacteroidetes and Actinobacteria, have presences and diversities that vary between high and low in the gut microbiota of patients with IBS (Bennet et al., 2015) . The majority of IBS patients have an altered microbiota composition with increased Firmicutes and decreased Bacteroidetes, whereas the remaining patients had a normal-type gut microbiota composition (Jeffery et al., 2012) . Moreover, Bacteroidetes is the second most abundant phylum in the gut and is over-represented in PI-IBS patients (Jalankatuovinen et al., 2014) . However, in our results, the level of Bacteroides decreased from 10.67 ± 4.75% to 4.37 ± 2.86%. Previous studies have suggested a correlation between IBS and Lactobacillus. However, their findings are inconsistent (Bennet et al., 2015) . In this study, the perturbed Lactobacillus community in the IBS rats was restored by Wuji Wan administration.
The discrepancies in the microbiota suggest that microbial dysbiosis is crucial in the pathogenesis of IBS. However, as described above, the alterations in the intestinal flora based on phylum or class classification were various, contradictory and confusing. An increasing number of researchers are realizing that disease-relevant bacterial functions may well be strain-specific (Zhang and Zhao, 2016) and that a dissection of the contribution of the gut microbiota to specific diseases should be performed to determine the exact species or strains.
Akkermansia was the markedly altered genus after Wuji Wan treatment. Akkermansia muciniphila is the single and type species of the genus Akkermansia, which first proposed in 2004 as a mucin-degrading, anaerobic Gram-negative bacterium that resides in the mucus layer (Derrien et al., 2004) . Several studies have suggested a potential negative correlation between A. muciniphila and IBS (Rajilić-Stojanović et al., 2011; Saulnier et al., 2011) . However, no direct evidence has been provided. Some exogenous factors may influence the abundance of A. muciniphila. These factors include diet, food supplements, TCM and drugs. The abundance of A. muciniphila was increased by 100-fold in genetically obese mice after administration of prebiotics (oligofructose) (Everard et al., 2011) . Recent studies have demonstrated that the proportion of A. muciniphila increased and was accompanied by weight loss after feeding metformin, green tea, grapes and grape polyphenols to obese mice (Axling et al., 2012; Baldwin et al., 2015; Roopchand et al., 2015; Zhou et al., 2016) . Additionally, caffeic acid dramatically increased the proportion of the mucin-degrading bacterium A. muciniphila in dextran sulfate sodium-induced colitis mice . In the present study, we observed that the abundance of A. muciniphila was 20-fold lower in the IBS rats than in the normal rats and that the abundance was 234-fold higher in the IBS rats that received Wuji Wan treatment. The layer of mucus lining in the intestinal tract serves as a lubricant and physiological barrier between the luminal contents and mucosal surface. The abundant A. muciniphila in IBS rats may play a key role in maintaining the integrity of the mucin layer. However, whether Wuji Wan treatment increases the abundance of A. muciniphila by providing the main source of energy for this bacterium and thereby favoring its growth is unknown. Alternatively, whether the increase in A. muciniphila increases mucus production and degradation remains to be determined. Mucin 2 (MUC2) is secreted from goblet cells in the epithelial lining into the lumen of the large intestine. In the mucin layer, MUC2, along with small amounts of mucin-related proteins and water, polymerizes into a gel that provides an insoluble mucous barrier that serves to protect the intestinal epithelium. The histological damage in the colons of MUC2 (+/−) mice is more severe than that in the colons of wild-type [MUC2(+/+)] mice, which shows that MUC2 deficiency leads to a vulnerable mucus barrier and inflammation of the colon (Van der Sluis et al., 2006) . Our results showed that the level of MUC2 in rat faeces was reduced by nearly one-half in the IBS rats. After treatment for 7 days with Wuji Wan, this decrease was reversed.
The gel-forming MUC2 mucins are secreted by goblet cells, which are glandular cells in the intestinal mucosal epithelium. Histological findings indicate that the number of goblet cells in the colonic epithelia of IBS rats was significantly reduced and that less mucin was stored in goblet cells. However, whether the change in mucus is causative or secondary to proliferation of A. muciniphila remains unclear. Treatment with some supplements, such as pomegranate , oligofructose (Kleessen et al., 2003; Kleessen and Blaut, 2005) or A. muciniphila (Everard et al., 2013) , significantly increases the number of goblet cells and the thickness of the mucus layer, which may contribute to gut barrier function restoration. Based on the present research, a Wuji Wan treatment-associated increase of A. muciniphila in the colon may indeed confer some degree of protection from the negative consequences of IBS. Tight junction proteins, including Occludin and ZOs, are crucial for sealing the spaces between individual epithelial cells and maintaining the integrity of the epithelium. Loss of Occludin leads to an increase in gut permeability, whereas a deficiency in ZO-1 can interrupt the assembly of tight junctions by inhibiting the recruitment of other components. Previous studies have demonstrated that the expression levels of Occludin and ZO-1 are increased in the ileum of the Apoe−/− mouse after A. muciniphila treatment. Treatment with inoculating medium of A. muciniphila directly increases the expression levels of these two proteins in intestinal epithelial cells (Li et al., 2016) . Phosphorylation of myosin light chain (MLCK) induces cytoskeletal contraction, which is an essential factor for the destruction of the intestinal epithelial barrier. Inhibiting the expression of MLCK in vitro restores the barrier function (Fazal et al., 2005) . However, the causal relationship between the increased proportion of A. muciniphila and amelioration of tight junctions in IBS remains to be further elucidated.
In summary, our findings have demonstrated that Wuji Wan treatment increases the abundance of A. muciniphila, restores the mucus barrier and mitigates tight junctions. However, the underlying mechanisms that account for the Wuji Wan treatment-induced A. muciniphila increase require further investigation. Nonetheless, regulating the gut microbiota using TCM may become a potential therapeutic strategy for IBS.
MATERIALS AND METHODS
Chemicals and Reagents
Milli-Q water (Bedford, MA, United States) was used throughout the study. Dried roots (3000 g) of Rhizoma Coptidis were extracted twice with water and 50% ethanol. The solution was evaporated in vacuum to yield a brown residue (579 g). Dried FIGURE 7 | Schematic of the experimental design. The rats were divided into 4 groups: control, Model, Wuji Wan and PB. CM was assessed before beginning the induction of PI-IBS in rats. Wuji Wan or PB was administered by gavage during the second week. Following the third CM test, the rats were decapitated and sacrificed for assays of the gut microbiota and intestinal mucosal ultrastructure. seeds (600 g) of Fructus Evodiae Rutaecarpae were extracted twice with water and 85% ethanol. The solution was evaporated in vacuum to yield a brown residue (106 g). The dried root (3000 g) of Radix Paeoniae Alba was pulverized and extracted twice with boiling water. The aqueous solution was evaporated in vacuum to yield a pale-yellow powder (279 g). The Wuji Wan extract was a mixture of the above three extracts and was stored in a lightresistant container at 4 • C before use. The qualitative chemical profile of this extract was analyzed by LC-MS as previously described (Gong et al., 2014; Chen et al., 2015) . PB tablets were obtained from Abbott Healthcare SAS (Abbott, Chatillon Sur Chalaronne, France). ELISA kits for rat LPS and MUC2 were obtained from Invitrogen Co. (Invitrogen Co., Carlsbad, CA, United States). All other reagents were analytical grade and obtained from Beijing Chemical Reagent Co. (Beijing Chemical Reagent Co., Beijing, China) .
Animals
Female Sprague-Dawley rats (200 ± 20 g) that were supplied by Beijing Vital Laboratory Animal Technology (Beijing, China) were used. The rats were maintained under standard conditions of temperature, humidity, and light. A commercial rat chow (Beijing Keao Co., Beijing, China) and water were autoclaved before use. All studies were performed in accordance with the proposals of the Committee for Research and Ethical Issues of the International Association for the Study of Pain and were approved by the Animal Ethics Committee at the Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences (approval number: 20142001).
Induction of PI-IBS in Rats
After an overnight fast, acute colonic inflammation was induced in 21 rats to generate a PI-IBS model by intracolonic instillation of 4% acetic acid (1 mL) with a silicone tube connected to an injector at 8 cm proximal to the anus for 30 s. Then, phosphatebuffered saline (1 mL) was instilled to dilute the acetic acid and rinse the colon. The control rats were handled identically to the other rats except that saline was instilled instead of 4% acetic acid. Seven days later, the front upper limbs, chest and front portion of the PI-IBS model rats were wrapped with adhesive tape for 1 h. The rats had free access to food and water, except when the procedure required deprivation.
Grouping and Administration
Twenty-eight rats were divided into 4 groups, with 7 rats per group. After the enema, rats were individually gavaged with sterile water (10 mL/kg), Wuji Wan extract (630 mg/kg, which was 4 times the clinical dosage) or PB (13.5 mg/kg) for 7 days. During the experiment, the rats in the control group were left undisturbed in their home cages in a separate room, whereas the other three groups of rats were housed in individual cages (one cage per rat). Body weights were measured daily. A schematic diagram of the experimental study design is shown in Figure 7 .
Evaluation of Colonic Motility (CM)
The rats were first placed into a cage with clean filter pads and given free access to the standard rat diet and water. Then, the number of feces defecated in 2 h were counted. The rats were then placed in a rubber capsule that contained water, which was connected to a multipurpose polygraph recording system (BIOPAC Co, United States) at 8 cm proximal to the anus. Colonic smooth muscle motility was recorded for 30 min. Quantification of CM was studied by calculating the MI. The MI was equivalent to the area under the curve of the motility recording and was calculated with a computerassisted system (BIOPAC Co, United States). After the CM test, glass beads (diameter 3 mm) were placed into the rectum 3 mm deep from the anus. The time of glass bead output was measured.
Sampling
At the end of week 2, all animals from the four groups were sacrificed, and their colons were removed for histological and lipid content analysis. Fecal samples were collected from the rectums of each rat after sacrifice, frozen immediately after sampling and stored at −80 • C until the DNA extraction.
Gut Microbiota Profiling
Fecal microbiota DNA was extracted using the E.Z.N.A. R stool DNA Kit (Omega Bio-Tek, Norcross, GA, United States) according to the manufacturer's protocols. The V3-V4 region of the bacteria 16S ribosomal RNA gene was amplified by PCR (95 • C for 2 min, followed by 25 cycles at 95 • C for 30 s, 55 • C for 30 s, and 72 • C for 30 s and a final extension at 72 • C for 5 min) using primers 338F5 -barcode-ACTCCTACGGGAGGCAGCA)-3 and 806R5 -GGACTACHVGGGTWTCTAAT-3 (Dennis et al., 2013) , where the barcode was an eight-base sequence unique to each sample. PCR reactions were performed in triplicate 20-µl mixtures containing 4 µl of 5× Fast Pfu buffer, 2 µl of 2.5 mmol/L dNTPs, 0.8 µl of each primer (5 µmol/L), 0.4 µl of Fast Pfu polymerase, and 10 ng of the template DNA.
Amplicons were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to the manufacturer's instructions and quantified using Quanti Fluor TM -ST (Promega, United States). Purified amplicons were pooled into equimolar fractions and paired-end sequenced (PE300) on an Illumina MiSeq platform according to the standard protocols (Majorbio Bio-Pharm Technology Co. Ltd., Shanghai, China). The raw reads were deposited into the NCBI Sequence Read Archive database (Accession Number: SRP118771).
Raw FastQ files were demultiplexed and quality-filtered using QIIME (version 1.17) with the following criteria: (i) the 300-bp reads were truncated at any site receiving an average quality score < 20 over a 10-bp sliding window, discarding the truncated reads that were shorter than 50 bp; (ii) reads with exact barcode matching, a primer match with 2 nucleotide mismatches, and reads containing ambiguous characters were removed; and (iii) only sequences with overlaps longer than 10 bp were assembled according to their overlapping sequences. Reads that could not be assembled were discarded.
Operational taxonomic units were clustered with a 97% similarity cutoff using UPARSE (version 7.1) 1 , and chimeric sequences were identified and removed using UCHIME. The phylogenetic affiliation of each 16S rRNA gene sequence was analyzed with RDP Classifier 2 against the SILVA (SSU115) 16S rRNA database using a confidence threshold of 70%.
Fecal Pellet Water Content and MUC2 Concentration
Fecal pellets were then weighed (wet weight in mg), desiccated in an oven (50 • C, 6 h), and weighed again (dry weight in mg). 1 http://drive5.com/uparse/ 2 http://rdp.cme.msu.edu/ The fecal water content was calculated according to the following equation: Water content (%) = 100 (wet weight -dry weight)/wet weight. The ratio of the wet to dry weights was calculated and used as a marker of fecal water content. The concentration of MUC2 in the feces was examined with highly sensitive ELISA techniques.
Histological Assessment
To examine the goblet cells and extent of colonic inflammation, the distal 10 cm of the descending colon was removed, placed in 10% formalin, and sent for histological processing. A crosssection of the colon wall was fixed in formalin, dehydrated in a graded alcohol series and xylene, embedded in paraffin, and cut serially into 4-mm sections to be stained with haematoxylin-eosin (H&E) and PAS. The coded slides were analyzed by Shuangrong Gao, a pathologist in the GLP laboratory of China Academy of Chinese Medical Sciences who was blinded to the source of the sample. The number of goblet cells was counted in 10 high-power fields (×400) of each coded slide, and the mean number of goblet cells was calculated.
Immunofluorescence Analysis
Following antigen repair in 0.01 M citrate buffer, the tissues sections were blocked in goat serum. The tissue slices were incubated for 1 h with primary antibodies (mouse monoclonal anti-Occludin, rabbit polyclonal anti-ZO-1 or mouse monoclonal anti-MLCK antibodies) followed by incubation for 1 h with secondary antibodies (goat anti-rabbit IgG-PE). The slices were stained with DAPI. Fluorescence was examined under an Olympus FV-1000 laser scanning confocal microscope.
Statistical Analyses
Data were expressed as the mean ± SD. Statistical comparisons were performed using one-way analysis of variance (ANOVA) with the SPSS 19.0 software. A P-value < 0.05 indicated statistical significance.
The overview of the gut microbiota was characterized with a PCoA. Multivariate analysis of variance was carried out to cluster the gut microbiota based on the Mahalanobis distance. A partial least squares discriminant analysis (PLS-DA) was used to establish the classification model based on the OTUs data. The correct prediction rate of the PLS-DA model was performed with leave-one-out cross-validation. Selection of significant OTUs that could distinguish different treatment groups was performed with the Martens' uncertainty test and one-way ANOVA. Statistical significance was set at * P < 0.05 and * * P < 0.01.
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